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Fine Grain Size Material. Sputtering Target, 
Methods of Forming, And Micro-Arc Reduction Method 

TECHNICAL FIELD 

The invention pertains to fine grain materials and sputtering targets as well as 
methods of forming them and micro-arc reduction methods. 

BACKGROUND OF THE INVENTION 

Sputtering (also referred to as physical vapor deposition (PVD)) is a technology by 
10 which thin metallic and/or ceramic layers can be deposited onto a substrate. Sputtered 
materials come from a target, which serves generally as a cathode in a standard radio- 
frequency (RF) and/or direct current (DC) sputtering apparatus. For example, PVD is 
widely used in the semiconductor industry to produce integrated circuits. 

Sputtering targets can be formed of numerous metals and alloys. Some suitable 
materials are Al, Ti, Cu, Ta, Ni, Mo, Au, Ag, and Pt among others, as well as alloys thereof, 
including alloys with these and or other elements. To provide high resolution of sputter 
deposited thin films, as well as to provide uniform and step coverages, effective sputtering 
rate and other requirements, targets should have homogenous composition, fine and 
uniform structure, controllable texture and be free from precipitates, particles and other 
20 inclusions. Also, they should have high strength and simple options for recycling. 
Therefore, significant improvements are desired in the metallurgy of targets. 

Some targets may be quite large in size, a typical target used in fabrication of liquid 
crystal displays (LCD) being 860 x 910 x 19 mm 3 , and are expected to become bigger in the 
future. Those dimensions can pose additional challenges to the development of tooling and 
processing for fabrication of suitable targets. 

Various works demonstrate that three fundamental factors of a target can influence 
sputtering performance. The first factor is the grain size of the material, i.e. the smallest 
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constitutive part of a polycrystalline metal possessing a continuous crystal lattice. Grain 
size ranges are usually from several millimeters to a few tenths of microns depending on 
metal nature, composition, and processing history. It is believed that finer and more 
homogeneous grain sizes improve thin film uniformity, sputtering yield and deposition rate, 
while reducing micro-arcing. 

The second factor is target texture. The continuous crystal lattice of each grain is 
oriented in a specific way relative to the plane of target surface. The sum of all the 
particular grain orientations defines the overall target orientation. When no particular 
target orientation dominates, the texture is considered to be a random structure. Like grain 
10 size, crystallographic texture strongly depends on the preliminary thermomechanical 
treatment, as well as on the nature and composition of a given metal. Crystallographic 
textures can influence thin film uniformity and sputtering rate. 

The third factor is the size and distribution of structural components, such as 
second phase precipitates and particles, and casting defects (such as, for example, voids or 
cavities). These structural components are usually not desired and can be sources for 
arcing as well as contamination of thin films. 

In order to improve the manufacture of targets it would be desirable to reduce 
micro-arcing and reduce the generation of particles that originate from the target during 
sputtering. 

20 SUMMARY OF THE INVENTION 

According to one aspect of the invention, a material may include grains of sizes 
such that at least 99% of a measured area contains grains that exhibit grain areas less than 
10 times an area of a mean grain size of the measured area. As examples, at least 99% of 
the measured area may contain grains with grain areas less than 8, 6, or 3 times the area of 
the mean grain size. The grains may also have a mean grain size of less than 3 times a 
minimum statically recrystallized grain size. Mean grain size may also be less than the 
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minimum statically recrystallized grain size. As examples, the grains may have a mean grain 
size of less than about 50 microns, about 1 to about 10 microns, or about 0.1 to about 1 
micron. The measured area may include at least about a representative area. The material 
may comprise one or more of Be, B, C, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Ga, Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, In, Sn, Sb, Ba, La, Hf, Ta, W, Ir, Pt, Au, Bi, 
Ce, Nd, Sm, Eu, Gd, Tb, or Dy. 

A sputtering target may comprise the material described above. Also, a thin film 
may be deposited on a substrate from such a sputtering target. 

A micro-arc reduction method may include sputtering a film from a sputtering 
10 target comprising grains of sizes such that at least 99% of a measured area contains grains 
that exhibit grain areas less than 10 times an area of a mean grain size of the measured 
area. The sputtering target grains may have a mean grain size of less than 3 times a 
minimum statically recrystallized grain size. 

A sputtering target forming method may include deforming a sputtering material. 
After the deforming, the sputtering material may be shaped into at least a portion of a 
sputtering target. The sputtering target may include grains of sizes such that at least 99% 
of a measured area contains grains that exhibit areas less than 10 times an area of a mean 
grain size of the measured area. As an example, the deforming may include equal channel 
angular extrusion. Also, the deforming may induce an accumulated strain level 
20 corresponding to e of at least about 4. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are described below with reference to the 
following accompanying drawings. 

FIGS. 1-4 are schematic diagrams showing processing steps of billet preparation for 

ECAE. 
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FIG. 5A is a schematic diagram showing non-uniform micros tructure. 

FIG. 5B is a schematic cross-sectional diagram of a sputtering target having the 
microstructure shown in Fig. 5A during a sputtering process. 

FIG. 5C shows an optical micrograph of nickel-vanadium alloy illustrating non- 
uniformity in grain size distribution. 

FIG. 6 shows an optical micrograph of high purity tantalum having a duplex, non- 
uniform microstructure. 

FIG. 7 shows an optical micrograph of high purity nickel having a duplex, non- 
uniform microstructure. 

10 FIG. 8A is a graph showing a grain area distribution for conventionally processed 

titanium. 

FIG. 8B is a graph showing a grain area distribution for titanium processed by a 
high strain technique. 

FIG. 9A is a graph showing a grain area distribution for conventionally processed 

copper. 

FIG. 9B is a graph showing a grain area distribution for copper processed by a high 
strain technique. 

FIG. 10A shows an optical micrograph of a conventional microstructure for high 
purity copper. 

20 FIG. 10B shows an optical micrograph of a microstructure produced by a high 

strain processing technique for high purity copper. 

FIGS. 11, 11 A and 11B are schematic diagrams of an apparatus for ECAE of billets 
for targets. 

FIG. 12 shows a flow chart diagram of a method of the present invention. 
FIG. 13 shows a flow chart diagram of a method of evaluating a grain area 
distribution. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

As semiconductor feature sizes have decreased rapidly over the last decade, 
particles originating from a sputtering target may have become more significant. Particles 
previously too small to cause problems may be increasingly likely to cause device failure or 
to significantly effect wafer yields. Investigation has indicated an increasing importance in 
euminating regions of a sputtering target prone to micro-arcing. Such investigation also 
indicates that sputter target microstructures that are more uniform and more fine grain 
sizes may assist in reducing micro-arcing. In particular, new methods of characterizing 

10 sputtering targets may be needed. Conventionally, sputtering targets are certified with a 
mean grain size number using measurements taken from one location or averaged from 
many locations on a target. Even targets that exhibit a fine mean grain size may possess . 
excessively large grains within a distribution of grain sizes that may significantly effect 
sputtering performance. Accordingly, sputtering targets having a narrow distribution of 
grain sizes may be beneficial. Such targets may additionally have a fine mean grain size. 

Turning to Fig. 5A, an exemplary non-uniform microstructure is presented such as 
might be produced by conventional thermo-mechanical processes. Note a wide distribution 
of grain sizes is presented. Fig. 5B displays such a material in a sputtering target 20 
undergoing a sputter deposition process. As energy is applied to sputtering target 20, 

20 micro-arcing 26 occurs in association with large grains 24 to generate particles 22. The 
more finely grained region 28 away from larger grains 24 tends to produce a smooth sputter 
surface without generation of particles 22. Fig. 5C shows a nickel-vanadium material 
formed using conventional processes and illustrating the non-uniformity in grain sizes that 
may occur. 

Micro-arcing and generation of particles from a sputtering target may be reduced 
by eliminating large grains and clusters of large grains within a target. The level of 
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elimination of large grains may be evaluated both within a localized microstructure as well 
as from region to region of a target. Accordingly, it may not be sufficient merely to 
characterize a sputtering target with a mean grain size derived from a distribution and/or 
multiple locations on a target without additional characterization parameters. 

Some materials, such as copper, nickel, nickel-vanadium, tantalum, and others, 
suffer from non-uniformity of grain sizes in the form of duplex grain structure. Two types 
of duplex grain structure can exist. A first type exhibits agglomerations of large grains 
within a matrix of small grains, or vice versa. A second type exhibits a more continuous 
dispersion with a small amount of grains scattered throughout a target matrix that are 
10 outside a desired normal distribution of grain sizes. Both types of structures may be 
detrimental to a sputtering process when large grains in clusters or in isolated spots 
increase the propensity for micro-arcing. Some metals, such as titanium, aluminum, 
aluminum alloys, and others, are not typically thought to suffer from duplex grain size 
distributions, however, grain size distributions produced in such materials by conventional 
thermo-mechanical processing may be too wide for the demands of sputtering targets as 
described above. 

As an example, Figs. 6 and 7 illustrate duplex grain structures. Fig. 6 shows duplex, 
non-uniform microstructures of high purity tantalum as may be produced by conventional 
thermo-mechanical processing techniques. Fig. 7 shows a similar duplex, non-uniform 
20 microstructure for high purity nickel produced by conventional thermo-mechanical 
processing techniques as well. 

According to one aspect of the invention, a material may include grains of sizes 
such that at least 99% of a measured area contains grains that exhibit grain areas less than 
10 times an area of a mean grain size of the measured area. As examples, at least 99% of 
the measured area may contain grains with grain areas less than 8, 6, or 3 times the area of 
the mean grain size. Grain area may be calculated by any current or future method known 
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to those skilled in the art. One suitable method is to measure grain diameter as viewed 
from a micrograph and to approximate grain area to a circle of the same diameter. For the 
mean grain size area, a mean grain size may be determined by conventional methods and 
then a mean area may be approximated as a circle of the same diameter. Other methods 
for determining mean grain size area may also be suitable. 

A distribution of grain sizes as described above reduces the occurrence of micro- 
arcing and the generation of particles from a sputtering target by reducing the number and 
size of excessively large grains within a microscopic region. The grains may also have a 
mean grain size of less than 3 times a minimum statically recrystallized grain size. Mean 

10 grain size may also be less than the minimum statically recrystallized grain size. As 
examples, the grains may have a mean grain size of less than about 50 microns, about 1 to 
about 10 microns, or about 0.1 to about 1 micron. For many, but not all, materials 
conventionally used in sputter deposition, the minimum statically recrystallized grain size 
may fall within the range about 1 to about 10 microns. Also, for such materials, the range 
of dynamically recrystallized grain sizes may fall within about 0.1 to about 1 micron.' 

The measured area may include at least about a statistically representative area. 
Statistically representative area may be calculated by any current or future method known 
to those skilled in the art. The objective of selecting at least about a representative area is 
to include a large enough number of grains in measuring mean grain size and grain size 

20 distribution that the data accurately reflects the overall microstructure of the material. 
Less than a representative area might skew data such that a more narrow or wide 
distribution of grain sizes is calculated than would result from evaluating the entirety of 
measurable surfaces of a specimen. For example, the measured area may include at least 
about 1000 coherent (joined together) grains of the material. Evaluating all of the surfaces 
of a specimen that are conducive to the measurements indicated (i.e., measurable) may be 
possible. Even so, evaluating representative areas is more efficient and, thus, desirable. 
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One suitable method is described in association with ASTM Test Method E112, Standard 
Test Methods for Determining Average Grain Size. Also, rules of thumb or other methods 
may be known in the art for selecting a representative area. Such other methods may 
include one or more of the various test methods referenced by ASTM El 12. In keeping 
with the various aspects of the invention described herein, Fig. 13 shows one method for 
evaluating a grain area distribution. 

Materials that may possess grains having the properties described above may 
include one or more of Be, B, C, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 
Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, In, Sn, Sb, Ba, La, Hf, Ta, W, Ir, Pt, Au, Bi, Ce, Nd, 
10 Sm, Eu, Gd, Tb, or Dy. The material may also consist essentially of one of the listed 
elements. The material may include at least about 90 atomic % of a matrix element, such 
as Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au, and from about 0.01 to 
about 10 atomic % of one or more of an alloying element. The material may also include at 
least about 95 atomic % of a matrix element and from about 0.1 to about 5 atomic % of one 
or more of an alloying element. Alloying elements may include one or more of the first 
listed elements above. Alloying elements may also include one or more of transition 
elements, such as Al, Si, Ti, Cu, Ga, Nb, Mo, Pd, Ag, In, Sn, Ta, W, or Au, and may instead 
include reactive elements, such as Mg, Ca, Sc, Sr, Y, Zr, Ba, La, Hf, Ce, or Nd. 

In another aspect of the invention, a sputtering target may comprise the described 
20 material. In an additional aspect, a thin film may be deposited on a substrate from such a 
sputtering target. In yet another aspect of the invention, a material may consist of grains of 
sizes such that at least 99% of any measured surface area consists of grains that exhibit 
grain areas less than 10 times an area of a mean grain size of the measured surface area. 

In keeping with the above-described advantages of desirable materials for 
sputtering targets, a micro-arc reduction method may include sputtering a film from a 
sputtering target comprising grains of sizes such that at least 99% of a measured area 
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consists of grains that exhibit grain areas less than 10 times an area of a mean grain size of 
the measured area. The sputtering target grains may also have a mean grain size of less 
than 3 times a minimum statically recrystallized grain size. 

As another aspect of the invention, a sputtering target may be formed by a method 
including deforming a sputtering material. After the deforming, the sputtering material 
may be shaped into at least a portion of a sputtering target. The sputtering target may 
comprise grains of sizes such that at least 99% of a measured area consists of grains that 
exhibit grain areas less than 10 times an area of a mean grain size of the measured area. 
The deforming may include a high strain processing technique or severe plastic 
10 deformation. Further, the deforming may induce an accumulated strain level 
corresponding to s of at least about 4. The high strain processing technique or severe 
plastic deformation may include at least one of equal channel angular extrusion, high strain 
rate forging, or other methods. The manufacturing process may further include rapid 
quenching and rapid thermal annealing. One rapid quenching technique may include die 
casting with accompanying rapid cooling to achieve a small grain size and the desired 
microstructure. 

The manufacturing process may also include a combination of thermo-mechanical 
processing and material alloying and/or doping. Although alloying and/or doping additions 
are typically not used to refine microstructures, carefully chosen additions to pure materials 
20 can stabilize grain sizes and reduce discontinuous grain growth enabling fine uniform 
microstructures to be achieved without significantly affecting the properties of sputtered 
film. For example, doping of high purity aluminum with several different transition metals 
may be successfully used to produce a grain size distribution according to the present 
invention that may be otherwise difficult to obtain in pure aluminum. 

Powder metallurgy is another possible mechanism for producing the desired 
microstructure in a sputter target. Targets with the desired microstructure can be made 
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using carefully screened material powders, preferable nano-powders, followed by 
compaction and sintering steps. 

High strain techniques, such as those listed and others, are suitable for forming a 
microstructure according to the various aspects of the invention described above. 
Traditional thermo-mechanical processing techniques, such as forging, rolling, and 
annealing may not deliver uniform enough deformation to eliminate large grains in a 
material without the help of alloying additions and/or dopants. Such traditional processes 
typically produce a significant number of grains with an area of more than 10 times or much 
more than 10 times the area of a mean grain size. By contrast, some of the listed methods 

10 of the present aspect of the invention impart a high degree of strain in a very uniform 
manner and/or ultra high strain rates in rapid thermal treatments. The desired 
microstructural control may also be achieved in materials alloyed with additions that 
control grain stability and growth that are processed with a high degree of strain. 

The graph of Fig. 8A illustrates a grain size distribution as it occurred in titanium 
processed according to conventional thermo-mechanical techniques. Such a distribution 
includes large grains that may increase a propensity for micro-arcing during sputter 
deposition of such a material when incorporated into a sputtering target. As indicated in 
Fig. 8 A, at 99% of a measured area as indicated by the Cumulative Area Fraction the 
grains within such measured area include grains having a grain area of 12.2 times the area 

20 that corresponds to a mean grain size, in other words, the mean grain size area. For the 
data illustrated in the graph of Fig. 8 A, the total area measured was 82,177 square microns. 
Within the measured area, mean grain size was measured as 7.7 microns which calculates to 
a mean grain size area of 46.6 square microns. Fig. 8A may be contrasted with Fig. 8B 
illustrating a grain size distribution according to the various aspects of the present invention 
for titanium processed by a high strain technique. The material analyzed to produce the 
graph of Fig. 8B exhibited a mean grain size of 5.9 microns to yield a mean grain size area 
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of 27.3 square microns within a measured area of 62,192 square microns. As shown in Fig. 
8B, 99% of the measured area consisted of grains exhibiting grain areas less than about 7.4 
times the mean grain size area. 

Figs. 9A and 9B illustrate data for copper material analogous, respectively, to the 
data shown in Figs. 8A and 8B. In Fig. 9A, mean grain size was 20.7 microns to yield a 
mean grain size area of 336.5 square microns within a measured area of 692,481 square 
microns. At 99% of the measured area the grains had grain areas of less than 37 times the 
mean grain size area. Such evidences the existence of larger grains that may increase the 
propensity for micro-arcing. The grain size distribution of Fig. 9B is shown to be more 
10 narrow in keeping with the various aspects of the present invention. Specifically, the 
copper material evaluated for Fig. 9B exhibited a mean grain size of 19.2 microns to yield a 
mean grain size area of 289.5 square microns within a measured area of 1,435,689 square 
microns. At 99% of the measured area the grains had grain areas of less than 4.75 times a 
mean grain size area of the measured area. An example of a high purity copper material 
exhibiting the type of grain area distribution of Fig. 9A is shown in Fig. 10A. By 
comparison, the type of high purity copper material exhibiting the grain size distribution of 
Fig. 9B is shown in Fig. 10B. The differences in distribution of grain sizes in Fig. 10B in 
comparison to Fig. 10A is readily apparent. 

A special deformation technique known as equal channel angular extrusion 
20 (ECAE) is used with advantage for the manufacture sputtering targets. The technique was 
invented by V.M. Segal, and is described in US Patents Nos. 5,400,633; 5,513,512; 
5,600,989; and 5,590,390 and in pending US Patent Application Serial No. 09/098,761, filed 
June 17, 1998. The disclosure of the aforementioned patents and patent application is 
expressly incorporated herein by reference. 

The general principle of ECAE utilizes two intersecting channels of approximately 
identical cross-section through which a billet is extruded to induce deformations within the 
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billet. The intersecting channels are preferably exactly identical in cross-section to the 
extent that "exactly identical" can be measured and fabricated into an ECAE apparatus. 
However, the term "approximately identical" is utilized to indicate that the cross-sections 
may be close to exactly identical, instead of exactly identical, due to, for example, 
limitations in fabrication technology utilized to form the intersecting channels. 

An ECAE apparatus induces plastic deformation in a material passed through the 
apparatus. Plastic deformation is realized by simple shear, layer after layer, in a thin zone 
at a crossing plane of the intersecting channels of the apparatus. A remarkable feature of 
ECAE is that the billet shape and dimensions remain substantially unchanged during 
10 processing (with term "substantially unchanged" indicating that the dimensions remain 
unchanged to the extent that the intersecting channels have exactly identical cross-sections, 
and further indicating that the channels may not have exactly identical cross-sections). 

The ECAE technique can have numerous advantages. Such advantages can 
include: strictly uniform and homogeneous straining; high deformation per pass (s=1.17, 
with s having a conventional meaning of corresponding to the natural log of a reduction 
ratio); high accumulated strains due to multiple passes (at N=4 passes, s =4.64); different 
deformation routes, i.e. change of billet orientation at each pass allowing for the creation of 
various textures and microstructures; and low load and pressure. 

ECAE can enable a decrease in the grain size of high purity alloys by at least a 
20 factor of three compared to conventional practices. 

ECAE can also offer additional advantages over conventional practices in terms of 
texture control. 

A preferred target possesses: a substantially homogeneous composition throughout; 
a substantial absence of pores voids, inclusions and any other casting defects; a 
predominate and controlled grain size of less than about 50 micrometers; and a 
substantially uniform structure and controlled texture throughout. Very fine and uniform 
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precipitates with average grain diameters of less than 0.5 micrometers can also be present 
in a preferred target microstructure. 

Sputtering targets of the present invention can be formed from a cast ingot made of 
any of the metals listed above. Such ingot can be heat treated and processed by one or 
more of homogenizing, hot forging, aging, and extrusion through a die possessing two 
contiguous channels of equal cross section intersecting each other at a certain angle. The 
ingot material can also be subjected to annealing and/or processing with conventional 
target-forming processes such as rolling, cross-rolling or forging, and fabricated into a 
sputtering target. The extrusion step can be repeated several times via different 
10 deformation routes before final annealing, conventional processing and fabrication steps to 
produce very fine and uniform grains sizes within a processed material, as well as to control 
texture strength and orientation within the material. 

Processes of the present invention can be applied to large targets comprised of two 
or more segments. 

A sputtering target of the present invention can have the characteristics of: 
substantially homogenous material composition at any location; 
substantial absence of pores, voids, inclusions and other casting defects; 
substantial absence of precipitates; 
grain size less than about lum; 
20 fine stable structure for sputtering applications; 

substantially uniform structure and texture at any location; 
high strength targets without a backing plate; 

controllable textures from strong to middle, weak and close to random; 
controllable combination of grain size and texture; 
large monolithic target size; 
prolonged sputtering target life; and 
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optimal gradient of structures through target thickness. 
Targets possessing these characteristics are producible by the processes described 

herein. 

Because of high purity, cast ingot metallurgy is useful in most cases for billet 
fabrication in target production. However, casting results in a very course dendritic 
structure with strong non-uniformity in the distribution of constitutive elements and 
additions across the ingot and large crystallites. Moreover, high temperature and long-time 
homogenizing cannot be applied in current processing methods because of the further 
increase of grains. One embodiment of the invention solves this problem by using 
10 homogenizing time and temperature sufficient for redistribution of macrosegregations and 
microsegregations followed by equal channel angular extrusion (ECAE) with a sufficient 
number of passes, preferably from 4 to 6, for grain refinement. 

Another embodiment eliminates other casting defects such as voids, porosity, 
cavities, gases, and inclusions which cannot be optimally removed by homogenizing and 
employs a hot forging operation. In currently known methods hot forging has a restricted 
application because reductions are limited and are typically used at low temperature 
working for grain refinement. Other processes do not solve that problem when slab ingots 
of the same thickness as the billet for ECAE are used. In the present invention, the as-cast 
ingot has a large length-to-diameter ratio, preferably up to 2. During hot forging, the ingot 
20 thickness changes to the thickness of the billet for ECAE. That provides large reductions 
which are sufficient for full healing and elimination of cast defects. 

Still another embodiment of the invention is directed to precipitate and 
particle-free targets. With currently known methods precipitate-free material may be 
prepared by solutionizing at the last processing step. However, in this case heating to 
solutionizing temperatures produces very large grains. The present invention provides a 
method for fabricating precipitate-free and ultra-fine grained targets. According to this 
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embodiment of the invention, solutionizing is performed at a temperature and time 
necessary to dissolve all precipitates and particle bearing phases and is followed by 
quenching immediately before ECAE. Subsequent ECAE and annealing are performed at 
temperatures below aging temperatures for corresponding material conditions. 

A further embodiment of the invention is a special sequence of homogenizing, 
forging and solutionizing operations. As-cast ingots are heated and soaked at the 
temperature and for the length of time necessary for homogenizing, then cooled to the 
starting forging temperature, then forged to the final thickness at the final forging 
temperature (which is above the solutionizing temperature) and quenched from this 

10 temperature. By this embodiment all processing steps are performed with one heating. 
This embodiment also includes another combination of processing steps without 
homogenizing: forging at a temperature of about the solutionizing temperature and 
quenching immediately after forging. 

It is also possible in accordance with the invention to conduct aging after 
solutionizing at the temperature and for the length of time necessary to produce fine 
precipitates with an average diameter of less than 0.5 um. These precipitates will promote 
the development of fine and uniform grains during following steps of ECAE. 

An additional embodiment of the invention is a billet for ECAE after forging. An 
as-cast cylindrical ingot of diameter d 0 and length h 0 (FIG. 1) is forged into a disk of 

20 diameter D and thickness H (FIG. 2). The thickness H corresponds to the thickness of the 
billet for ECAE. Then two segments are removed from two opposite sides of the forged 
billet such as by machining or sawing (FIG. 3), to provide a dimension A corresponding to a 
square billet for ECAE (FIG. 4). ECAE is performed in direction "C" shown on FIG. 3. 
After the first pass the billet has a near-square shape if the dimensions of the ECAE billet 
(AxAxH), the dimensions of the forged disk (DxH) and the dimensions of the cast ingot 
(doXh^are related by the following formulae: 
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D=1.18A 
d 0 2 h 0 =1.39.A 2 H 

The invention further contemplates the fabrication of targets with fine and uniform 
grain structure. ECAE is performed at a temperature below the temperature of static 
recrystallization with the number of passes and processing route adjusted to provide 
dynamic recrystallization during ECAE. Processing temperature and speed are, 
correspondingly, sufficiently high and sufficiently low to provide macro- and micro-uniform 
plastic flow. 

A method for fabricating fine and stable grain structures for sputtering applications 
10 and to provide high strength targets is also provided. The billet after ECAE with 
dynamically recrystallized sub-micron structure is additionally annealed at the temperature 
which is equal to the temperature of the target surface during steady sputtering. Therefore, 
the temperature of the target cannot exceed this sputtering temperature for structure to 
remain stable during target life. That structure is the finest presently possible stable 
structure and provides the best target performance. It also provides a high strength target. 
Thus, among other things, the invention provides the following significant advantages: 

-High strength monolithic targets may be fabricated from mild materials like pure 
aluminum, copper, gold, platinum, nickel, titanium and their alloys; 

-It is not necessary to use backing plates with additional and complicated operations 
20 such as diffusion bonding or soldering; 

-Fabrication of large targets is not a problem; and 

-Targets may easily be recycled after their sputtering life ends. 

An additional embodiment comprises a two-step ECAE processing. At the first 
step ECAE is performed with a low number of passes, preferably from 1 to 3, in different 
directions. Then, the preliminary processed billet receives aging annealing at low enough 
temperatures but for sufficient time to produce very fine precipitates of average diameter 
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less than about 0.1 jjju. After intermediate annealing ECAE is repeated with the number 
of passes necessary to develop a dynamically recrystallized structure with the desired fine 
and equiaxed grains. 

Another embodiment of the invention is an apparatus for performing the process to 
produce targets. The apparatus (FIGS. 11, HA and 11B) includes die assembly 1, die base 
2, slider 3, punch assembly 4,6 hydraulic cylinder 5, sensor 7, and guide pins 11. Also the 
die is provided with heating elements 12. Die assembly 1 has a vertical channel 8. A 
horizontal channel 9 is formed between die assembly 1 and slider 3. The die is fixed at table 
10 of press and punch assembly 4, 6 is attached to press ram. In the original position a-a 
10 the forward end of slider 3 overlaps channel 1, punch 4 is in a top position, and a well 
lubricated billet is inserted into the vertical channel. During a working stroke punch 4 
moves down, enters channel 8, touches the billet and extrudes it into channel 9. Slider ,3 
moves together with billet. At the end of stroke the punch reaches the top edge of channel 
9 and then returns to the original position. Cylinder 5 moves the slider to position b-b, 
releases the billet, returns the slider to the position a-a and ejects the processed billet from 
the die. The following features are noted: 

(a) During extrusion slider 3 is moved by hydraulic cylinder 5 with the same 
speed as extruded material inside channel 9. To control speed, the slider is provided with 
sensor 7. That results in full elimination of friction and material sticking to the slider, in 

20 lower press load and effective ECAE; 

(b) Die assembly 1 is attached to die base 2 by guide pins 11 which provide free 
run 5. During extrusion the die assembly is nestled to the base plate 2 by friction acted 
inside channel 8. When the punch returns to the original position, no force acts on the die 
assembly and slider, and cylinder 3 can easily move the slider to position b-b and then eject 
the billet from the die. 
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(c) Three billet walls in the second channel are formed by the slider (FIG. 11 A) 
that minimizes friction in the second channel. 

(d) The side walls of the second channel in the slider are provided with drafts 
(d) from 5° to 12°. In this way the billet is kept inside the slider during extrusion but may 
be ejected from the slider after completing extrusion. Also, thin flash formed in clearances 
between the slider and die assembly may be easily trimmed. 

(e) Die assembly is provided with heater 12 and springs 13. Before processing, 
springs 13 guarantee the clearance 5 between die assembly 1 and die base 2. During 
heating this clearance provides thermoisolation between die assembly and die base that 

10 results in short heating time, low heating power and high heating temperature. 

The apparatus is relatively simple, reliable and may be used with ordinary presses. 
FIG. 12 shows a flow diagram of an exemplary process of the present invention. In 
a first step, a mass is deformed by equal channel angular extrusion (ECAE). Such 
deformation can be accomplished by one or more passes through an ECAE apparatus. 
Exemplary ECAE apparatuses are described in U.S. Patent No.'s. 5,400,633; 5,513,512; 
5,600,989; and 5,590,390. 

In a second step of the FIG. 12 diagram, the deformed mass is shaped into at least a 
portion of a sputtering target. Such shaping can comprise, for example, one or more of 
rolling, cross-rolling, hot forging, and cutting of the mass. The mass can be formed into a 

20 shape comprising an entirety of a sputtering target, or alternatively can be formed into a 
shape comprising only a portion of a sputtering target. An exemplary application wherein 
the mass is formed into a shape comprising only a portion of a sputtering target is an 
application in which the mass is utilized to form part of a so-called mosaic target. A mosaic 
target is a target comprising a plurality of separate target pieces which are joined to define 
a single large target. It can be advantageous to utilize mosaic target designs in forming 
large targets because it is generally easier to fabricate the small individual portions of a 
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mosaic target than to fabricate a single large portion. If the mass is utilized in a mosaic 
target, it can be desired that all of the various target portions of the mosaic target be masses 
that have been deformed by equal channel angular extrusion prior to incorporation into the 
mosaic target. 

In the third step of the FIG. 12 process, the shaped mass is mounted to a backing 
plate to incorporate the mass into a target structure. Suitable backing plates and 
methodologies for mounting targets to backing plates are known in the art. It is noted that 
the invention encompasses embodiments wherein a mass is utilized directly as a sputtering 
target without being first mounted to a backing plate, as well as embodiments in which the 
10 mass is mounted to a backing plate. 

Processes of the present invention can be utilized to fabricate masses into targets 
having very fine and homogenous grain structures, with predominate sizes of the grains 
being less than about 50 micrometers. The present invention recognizes that improvements 
in grain refinement can be provided by ECAE technology relative to processing of 
materials. The ECAE is preferably conducted at a temperature and speed sufficient to 
achieve desired microstructures and provide a uniform stress-strain state throughout a 
processed billet. 

The number of passes through an ECAE device, and the particular ECAE 
deformation route selected for travel through the device can be chosen to optimize target 
20 microstructures. For instance, grain refinement is a consequence of radical structural 
transformations occurring during intense straining by simple shear through an ECAE 
device. Various defects such as dislocations, shear bands, cells and subgrains are created at 
increased deformations during the first few ECAE passes, and divide the original grains 
into finer areas. Depending on the nature and composition of the materials utilized during 
exposure to an ECAE process, different types of grain sizes can be obtained. For instance, 
if ECAE processing is conducted at temperature below that of static recrystallization, grain 
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sizes smaller than one micrometer can be produced after four or more passes through an 
ECAE device. Such grain sizes are smaller by a factor of at least 100 relative to the 
structures produced by conventional methods. For example, the static recrystallization 
temperature for masses of relatively pure aluminum, i.e., greater than 99.99% aluminum, is 
typically understood to be a temperature below about 100 Q C, and can be about room 
temperature (i.e., from about 20°C to about 25°C). If a temperature of static 
recrystallization of an aluminum-comprising mass is about room temperature, ECAE of the 
mass at room temperature occurring without heating of an ECAE device can provide 
microstructures with grain sizes of a few microns. 

10 After ECAE, the fine areas dividing original grains within a material structure 

become grain-like structures by acquiring high-angle boundaries. Such process can be 
referred to as "mechanically-induced dynamic recrystallization, " and a principal force 
driving the recrystallization is plastic deformation induced solely by shear. In contrast, if 
ECAE is performed at a temperature higher than that of static recrystallization, both 
temperature effects and shear effects will produce grain growth. Accordingly, grain sizes of 
a few micrometers can be induced through three or more passes through an ECAE device. 

At least three different aspects of ECAE contribute to the remarkable reduction of 
grain size and improvement of grain uniformity achieved by treating masses in accordance 
with the present invention. These three aspects are an amount of plastic deformation 

20 imparted by ECAE, the ECAE deformation route, and simple shear forces occurring 
during ECAE. 

After a material has been subjected to ECAE in accordance with methods of the 
present invention, the material can be shaped by conventional methods of forging, 
cross-rolling and rolling to form the material into a suitable shape to be utilized as a target 
in a sputtering process. The ultrafine grain sizes created during ECAE are found to remain 
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stable and uniform, and to show limited grain growth upon further conventional processing; 
even during processing comprising a high reduction in thickness of a material. 

Preferably, traditional forming operations utilized for shaping a material after 
ECAE processing are conducted at temperatures and plastic deformations which are less 
than those which will occur during sputtering. For instance, if sputtering processes are 
anticipated to occur at about 150 e C, then conventional processing of, for example, rolling, 
cross-rolling, or forging occurring after ECAE will preferably occur at temperatures below 
150 9 C. By conducting such processing at temperatures below the sputtering temperature, 
the likelihood of the conventional processing increasing grain sizes beyond those desired in 

10 a sputtering target is reduced. 

The microstructures created during ECAE are found to exhibit exceptional stability 
upon annealing relative to microstructures created by conventional processes. This has 
been verified for both submicrometer structures and micrometer structures formed within 
materials deformed by ECAE. For example, an ECAE processed sample showed a limited 
and progressive increase in grain size from approximately 12 microns to 30 microns after 
annealing at 150 e C for 1 hour. Such grain size did not significantly change after annealing 
at 150 S C for 16 hours. In contrast, samples submitted solely to rolling to an 85% reduction 
in thickness (a conventional process), show a dramatic grain growth up to grain sizes larger 
than 250 micron after annealing at only 125 Q C for 1 hour. As discussed above, annealing 

20 can occur either between passes through an ECAE device, or after ECAE. It is further 
noted that annealing can occur between conventional processes, such as between rolling, 

cross-rolling and forging occurring after ECAE, or can occur subsequent to target shaping 

i 

steps following ECAE. The target shaping steps preferably occur at temperatures of less 
than or equal to about 200 e C, and more preferably occur at temperatures less than or equal 
to about 150 Q C to keep the target shaping steps at temperatures below an ultimate 
sputtering temperature of a target. 
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The invention has been described in language more or less specific as to structural 
and methodical features. It is to be understood, however, that the invention is not limited 
to the specific features shown and described, since the means herein disclosed comprise 
preferred forms of putting the invention into effect. The invention is, therefore, claimed in 
any of its forms or modifications within the proper scope of the appended claims. 
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CLAIMS 

1. A material comprising grains of sizes such that at least 99% of a measured 
area consists of grains that exhibit grain areas less than 10 times an area of a mean grain 
size of the measured area. 

2. The material of claim 1 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 8 times the area of the mean grain size. 

3. The material of claim 1 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 6 times the area of the mean grain size. 

4. The material of claim 1 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 3 times the area of the mean grain size. 

5. The material of claim 1 wherein the grains have a mean grain size of less 
than 3 times a minimum statically recrystallized grain size of the material. 

6. The material of claim 1 wherein the grains have a mean grain size of less 
than a minimum statically recrystallized grain size of the material. 

7. The material of claim 1 wherein the grains have a mean grain size of less 
than 50 microns. 

8. The material of claim 1 wherein the grains have a mean grain size of about 1 
to about 10 microns. 

9. The material of claim 1 wherein the grains have a mean grain size of about 
0.1 to about 1 microns. 
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10. The material of claim 1 wherein the measured area comprises at least about 
a statistically representative area of the material. 

11. The material of claim 1 wherein the measured area comprises at least about 
1000 coherent grains of the material. 

12. The material of claim 1 wherein the measured area comprises an entirety of 
measurable surfaces of the material. 

13. The material of claim 1 comprising one or more of Be, B, C, Mg, Al, Si, Ca, 
Sc, Ti, V, Cr 7 Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, In, Sn, Sb, 
Ba, La, Hf, Ta, W, Ir, Pt, Au, Bi, Ce, Nd, Sm, Eu, Gd, Tb, or Dy. 

14. A sputtering target comprising the material of claim 1. 

15. A thin film deposited on a substrate from the sputtering target of claim 14. 

16. A material consisting of grains of sizes such that at least 99% of any 
measured surface area consists of grains that exhibit grain areas less than 10 times an area 
of a mean grain size of the measured surface area. 

17. The material of claim 16 wherein the grains have a mean grain size of less 
than 3 times a minimum statically recrystallized grain size. 

18. The material of claim 16 wherein the grains have a mean grain size of less 
than 50 microns. 

19. The material of claim 16 wherein the measured surface area comprises at 
least about a statistically representative area of the material. 
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20- A sputtering target consisting of grains having a mean grain size of less than 
3 times a minimum statically recrystallized grain size and having a distribution of grain 
areas such that at least 99% of a measured area consists of grains that exhibit grain areas 
less than 10 times an area of a mean grain size of the measured area. 

21. The sputtering target of claim 20 wherein at least 99% of the measured area 
consists of grains that exhibit grain areas less than 8 times the area of the mean grain size. 

22. Hie sputtering target of claim 20 wherein at least 99% of the measured area 
consists of grains that exhibit grain areas less than 6 times the area of the mean grain size. 

23. The sputtering target of claim 20 wherein at least 99% of the measured area 
consists of grains that exhibit grain areas less than 3 times the area of the mean grain size. 

24. The sputtering target of claim 20 wherein the grains have a mean grain size 
of less than about 50 microns. 

25. The sputtering target of claim 20 wherein the measured area comprises at 
least about a statistically representative area of the material. 

26. The sputtering target of claim 20 comprising one or more of Be, B, C, Mg, 
AL, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, 
In, Sn, Sb, Ba, La, Hf , Ta, W, Ir, Pt, Au, Bi, Ce, Nd, Sm, Eu, Gd, Tb, or Dy. 

27. The sputtering target of claim 20 comprising at least about 90 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.01 to about 
10 atomic % of one or more of Be, B, C, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Ga, Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, In, Sn, Sb, Ba, La, Hf, Ta, W, Ir, Pt, Au, Bi, 
Ce, Nd, Sm, Eu, Gd, Tb, or Dy. 
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28. The sputtering target of claim 20 comprising at least about 90 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.01 to about 

' 10 atomic % of one or more of Al, Si, Ti, Cu, Ga, Nb, Mo, Pd, Ag, In, Sn, Ta, W, or Au. 

29. The sputtering target of claim 20 comprising at least about 90 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.01 to about 
10 atomic % of one or more of Mg, Ca, Sc, Sr, Y, Zr, Ba, La, Hf, Ce, or Nd. 

30. The sputtering target of claim 20 comprising at least about 95 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.1 to about 
5 atomic % of one or more of Be, B, C, Mg, Al, Si, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Ga, Ge, Se, Sr, Y, Zr, Nb, Mo, Ru, Pd, Ag, In, Sn, Sb, Ba, La, Hf, Ta, W, Ir, Pt, Au, Bi, 
Ce, Nd, Sm, Eu, Gd, Tb, or Dy. 

31. The sputtering target of claim 20 comprising at least about 95 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.1 to about 
5 atomic % of one or more of Al, Si, Ti, Cu, Ga, Nb, Mo, Pd, Ag, In, Sn, Ta, W, or Au. 

32. The sputtering target of claim 20 comprising at least about 95 atomic % of 
Al, Ti, Cr, Co, Ni, Cu, Zr, Ru, Ag, In, Sn, Hf, Ta, Ir, Pt, or Au and from about 0.1 to about 
5 atomic % of one or more of Mg, Ca, Sc, Sr, Y, Zr, Ba, La, Hf, Ce, or Nd. 

33. The sputtering target of claim 20 comprising aluminum. 

34. The sputtering target of claim 20 comprising titanium. 

35. The sputtering target of claim 20 comprising tantalum. 

36. The sputtering target of claim 20 comprising copper. 

37. The sputtering target of claim 20 comprising niobium. 
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38. The sputtering target of claim 20 comprising nickel. 

39. The sputtering target of claim 20 comprising molybdenum. 

40. The sputtering target of claim 20 comprising gold. 

41. The sputtering target of claim 20 comprising silver. 

42. The sputtering target of claim 20 comprising platinum. 

43. A thin film deposited on a substrate from the sputtering target of claim 20. 

44. A micro-arc reduction method comprising sputtering a film from a 
sputtering target comprising grains of sizes such that at least 99% of a measured area 
consists of grains that exhibit grain areas less than 10 times an area of a mean grain size of 
the measured area. 

45. The method of claim 44 wherein the sputtering target grains have a mean 
grain size of less than 3 times a minimum statically recrystallized grain size. 

46. A sputtering target forming method, comprising: 
deforming a sputtering material; and 

after the deforming, shaping the sputtering material into at least a portion of a 
sputtering target comprising grains of sizes such that at least 99% of a measured area 
consists of grains that exhibit grain areas less than 10 times an area of a mean grain size of 
the measured area. 

47. The method of claim 46 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 8 times the area of the mean grain size. 

48. The method of claim 46 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 6 times the area of the mean grain size. 
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49. The method of claim 46 wherein at least 99% of the measured area consists 
of grains that exhibit grain areas less than 3 times the area of the mean grain size. 

50. The method of claim 46 wherein the deforming comprises a high strain 
processing technique. 

51. The method of claim 46 wherein the deforming comprises equal channel 
angular extrusion. 

52. The method of claim 46 wherein, after the deforming, the sputtering target 
grains have a mean grain size of less than 3 times a minimum statically recrystallized grain 
size. 

53. The method of claim 46 wherein the deforming induces an accumulated 
strain level corresponding to 8 of at least about 4. 

54. The product produced by the method of claim 46. 
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BY ECAE 



(2) SHAPE MASS INTO 
AT LEAST A PORTION OF 
A SPUTTERING TARGET 



(3) MOUNT THE 
SHAPED MASS TO 
A BACKING PLATE 
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MEASURE THE GRAIN SIZE DISTRIBUTION 
OF A REPRESENTATIVE AREA OF THE 
SPUTTERING TARGET 



DETERMINE THE MEAN GRAIN SIZE 
(DIAMETER), d 



DETERMINE THE AREA OF THE MEAN 
GRAIN SIZE BY APPROXIMATING IT TO A 

CIRCLE, (d/2) 2 fU =A 



CONVERT ALL GRAIN SIZES, (d) IN THE 
MEASURED DESTRIBUTION TO GRAIN 
AREAS AND SUM, 

SA=L(d/2) 2 ' K 



SUM ALL THE GRAIN AREAS 
THAT HAVE AREAS LESS THAN 
10 TIMES A, (FG) 




PREFERRED GRAIN 
SIZE DISTRIBUTION. 
REDUCED MICRO-ARCING, 
RESULTING IN HIGHER 
WAFER YIELDS 



LESS DESIRABLE GRAIN SIZE 
DISTRIBUTION. 
MICRO-ARCING PROBLEMS 
RESULTING IN LOWER WAFER 
YIELDS 
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measured surface area comprises grains that exhibit grain areas less 
than 10 times an area of a mean grain size of the measured surface 
area; 

(iv) a sputtering target comprising grains having a mean grain size of 
less than 3 times a minimum statically recrystallized grain size and 
having a distribution of grain areas such that at least 99% of a 
measured area comprises grains that exhibit grain areas less than 10 
times an area of a mean grain size of the measured area; 

(v) a thin film deposited on a substrate from the sputtering target of 
(iv); 

(vi) a micro-arc reduction method comprising sputtering a film from a 
sputtering target comprising grains of sizes such that at least 99% of a 
measured area comprises grains that exhibit grain areas less than 10 
times an area of a mean grain size of the measured area; and 

(vii) the production of a sputtering target comprising deforming a 
sputtering material, and shaping the sputtering material into at least a 
portion of a sputtering target comprising grains of sizes such that at 
least 99% of a measured area comprises grains that exhibit grain 
areas less than 1 0 times an area of a mean grain size of the measured 
area. 

USE - Used as fine grain materials for e.g. sputtering targets for use in 
physical vapor deposition to deposit thin metallic and/or ceramic layers 
onto a substrate. 

ADVANTAGE - Micro-arcing and the generation of particles that 
originate from the target during sputtering are reduced. 

DESCRIPTION OF DRAWING(S) - The figure shows a graph 
illustrating a grain area distribution for titanium processed by a high 
strain technique. 

EQUIVALENT-ABSTRACTS: 
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METALLURGY 

Preferred Material: At least 99% of the measured area comprises 
grains that exhibit grain areas less than 8 times (preferably less than 6 
times, more preferably less than 3 times) the area of the mean grain 
size. The grains have a mean grain size of less than 3 times a 
minimum statically recrystallized grain size of the material. The grains 
have a mean grain size of less than 50 microns, preferably of 1-10 
microns, more preferably 0.1-1 microns. The material comprises one 
or more of beryllium, boron, carbon, magnesium, aluminum, silicon, 
calcium, scandium, titanium, vanadium, chromium, manganese, iron, 
cobalt, nickel, copper, zinc, gallium, germanium, selenium, strontium, 
yttrium, zirconium, niobium, molybdenum, ruthenium, palladium, silver, 
indium, tin, antimony, barium, lanthanum, hafnium, tantalum, tungsten, 
iridium, platinum, gold, bismuth, cerium, neodymium, samarium, 
europium, gadolinium, terbium or dysprosium. 

CHOSEN-DRAWING: Dwg.8B/13 

TITLE-TERMS: MATERIAL FINE GRAIN SPUTTER TARGET 

PVD COMPRISE SIZE SPECIFIED AMOUNT 
MEASURE AREA EXHIBIT LESS TEN TIME 
MEAN 

DERWENT-CLASS: L03M13U11 

CPI-CODES: L03-H04D; L04-D02; M13-G02A; 
EPI-CODES: U11-C09A; 
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